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Local self-activation and long ranging inhibition provide a mechanism for setting up organising regions
as signalling centres for the development of structures in the surrounding tissue. The adult hydra
hypostome functions as head organiser. After hydra head removal it is newly formed and complete heads
can be regenerated. The molecular components of this organising region involve Wnt-signalling and
β-catenin. However, it is not known how correct patterning of hypostome and tentacles are achieved in
the hydra head and whether other signals in addition to HyWnt3 are needed for re-establishing the new
organiser after head removal. Here we show that Notch-signalling is required for re-establishing the
organiser during regeneration and that this is due to its role in restricting tentacle activation. Blocking
Notch-signalling leads to the formation of irregular head structures characterised by excess tentacle
tissue and aberrant expression of genes that mark the tentacle boundaries. This indicates a role for
Notch-signalling in deﬁning the tentacle pattern in the hydra head. Moreover, lateral inhibition by
HvNotch and its target HyHes are required for head regeneration and without this the formation of the
β-catenin/Wnt dependent head organiser is impaired. Work on prebilaterian model organisms has
shown that the Wnt-pathway is important for setting up signalling centres for axial patterning in early
multicellular animals. Our data suggest that the integration of Wnt-signalling with Notch-Delta activity
was also involved in the evolution of deﬁned body plans in animals.
& 2013 Elsevier Inc. All rights reserved.
Introduction
The fresh water polyp hydra belongs to the phylum Cnidaria, which
is one of the most basal animal phyla. Hydra polyps have a very simple
bauplan with only one body axis. They have an apical head with a
mouth opening and tentacles, a body column and a basal peduncle.
Specialised differentiated tissues exist, e.g. tentacle or basal disc but
more complex structural units, such as organs, are lacking.
Work on hydra has contributed important insights into principles
of biological pattern formation. Regeneration and transplantation
experiments performed as early as 1909 have revealed that the tip
of the hydra head has organiser function (Browne, 1909). When it is
transplanted into the body column of a polyp it induces a new head
and thus a secondary body axis. Moreover, head organiser functions
involve lateral inhibition of head formation. New heads do not
form in the vicinity of old heads and secondary axis formation is
increased when the original head is removed from the transplant
receiving animal. Finally, a gradient of inductive activity for the
formation of a head organiser exists over the whole body column.
Small pieces of tissue taken from the apical end induce secondary
axes when they are transplanted into the body column such that
their new position is further away from the head as their original
one (Broun and Bode, 2002; Browne, 1909; Gierer and Meinhardt,
1972; MacWilliams, 1983; Meinhardt and Gierer, 1974; Takano and
Sugiyama, 1983).
Molecular evidence has indicated that canonical Wnt-signalling
plays a central role in setting up and maintaining the hydra head
organiser. HyWnt3 is expressed in the hypostome in adult animals, at
the tip of newly forming buds and in regenerating heads (Hobmayer
et al., 2000). After pharmacological induction of Wnt-signalling, tissue
in the hydra body column acquired all functions of a head organiser
(Broun et al., 2005). Transgenic hydra expressing β-catenin under the
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control of an ubiquitously expressed hydra actin promoter throughout
the animals frequently formed secondary axes along the body column
and their tissue had increased head activation potential (Gee et al.,
2010).
The function of Wnt-signalling in setting up and maintaining an
organiser also seems to apply for two other members of the hydra
Wnt-family, namely HyWnt2, which is expressed at the tip of the
bud during early stages of budding and HvWnt5, which is found at
the tip of regenerating tentacles (Lengfeld et al., 2009; Philipp et al.,
2009). Here experimental data are not available yet but it is
reasonable to speculate that Wnt-signalling may provide an orga-
niser for these structures (recently reviewed in (Meinhardt, 2012)).
Concerning head inhibition it was suggested that Wnt-ligands
could have a dual function due to Wnt molecules with different
migration properties, short ranging molecules acting as head
activators and long ranging molecules functioning as head inhibi-
tors (Meinhardt, 2012).
The molecular basis for the gradient of inductive capacity of hydra
tissue to form an organiser is not known at present. It involves the
levels of head activating and inhibiting factors at a given position but
also the activity of the sources that produce them. The latter has
recently been referred to as “graded competence” by Meinhardt
(2012). In previous hydra literature it was called head activation,
source density or positional value gradient (MacWilliams, 1983;
Meinhardt and Gierer, 1974) (Wolpert et al., 1971).
Evidence presented here indicates Notch-signalling as a major
factor in hydra head organisation, both, in maintaining the pattern
of this structure in the adult as well as for re-formation during
head regeneration. For Notch-signalling, both ligand and receptor
are transmembrane proteins. Receptor-ligand interactions thus
occur between adjacent cells. Upon ligand binding the ectodomain
of the Notch receptor is cleaved off by metalloproteases of the
ADAM-family. This activates intramembrane cleavage by preseni-
lin, the catalytic subunit of the γ-secretase complex, and releases
the intracellular domain of the Notch receptor (NICD), which is
transferred into the nucleus where it directly acts as transcrip-
tional co-activator. Notch-signalling often results in two adjacent
cells adapting different fates. Patterning is facilitated because
differences in gene activation can be ampliﬁed by suppression of
Notch-signalling in the signal sending cell and increase in the
signal receiving cell (Sprinzak et al., 2010).
The Notch and Wnt pathways appeared early in animal evolu-
tion. They are not found in protozoans, fungi or plants but are
present in all multicellular animals including poriferans (Gazave
et al., 2009). In hydra we have identiﬁed one Notch receptor
HvNotch and one ligand HyJagged (Käsbauer et al., 2007; Prexl
et al., 2011) and we have shown that the transcriptional repressor
HyHes is a target for transcriptional activation by the Notch
intracellular domain (NICD) (Münder et al., 2010).
In this work we investigated the function of Notch-signalling
for hydra head patterning, using the presenilin inhibitor DAPT and
SAHM1, which prevents interaction of Notch-ICD with transcrip-
tional co-activators (Moellering et al., 2009). Our data indicate that
Notch-signalling plays a major role in the hydra head patterning
system and this function is required for setting up a new organiser
during head regeneration.
Materials and methods
Hydra culture
H. vulgaris strain Basel were grown in mass culture at a
constant temperature of 18 1C in hydra medium (0.29 mM CaCl2,
0.59 mM MgSO47H2O, 0.50 mM NaHCO3, 0.08 mM K2CO3). The
animals were fed regularly with freshly hatched Artemia nauplii.
DAPT (N-[N-(3,5-diﬂuorophenacetyl)-L-alanyl]-S-phenylglycine
t-butyl ester) treatment
A 10 mM stock of DAPT (Calbiochem) in DMSO was diluted in
hydra medium to 20 or 70 μM. The DAPT concentration had to be
adjusted due to the use of different DAPT-charges. The ﬁnal DMSO
concentration was always 1%. The DAPT medium was renewed
every 12 h over a period of 48 h. Control animals were treated
with hydra medium containing 1% DMSO. Animals were treated as
described for 48 h with control or DAPT medium, then transferred
into hydra medium and their morphology was investigated every
12 h over a period of two weeks. For head regeneration experi-
ments animals were pre-treated with control or DAPT medium for
24 h, then decapitated (at 2 body-column eights, directly under-
neath the tentacle ring) and incubated in control or DAPT medium
for a further 24 h. Then the regenerates were transferred into
hydra medium and analysed at indicated time points.
SAHM1 (stapled α-helical peptide derived from MAML1) treatment in
comparison with DAPT
A 10 mM stock of SAHM1 (Calbiochem) in DMSO was diluted in
hydra medium to 20 or 30 μM. The ﬁnal DMSO concentration was
always 1%. The SAHM1 medium was renewed every 24 h over a
period of 72 h. Control animals were treated with hydra medium
containing 1% DMSO. Animals were treated as described for 72 h
with control, 30 mM DAPT or 30 mM SAHM1 medium, then trans-
ferred into hydra medium and investigated every 12 h. For
regeneration animals were decapitated (at 2 body-column eights,
directly underneath the tentacle ring) and incubated in control,
20 mM DAPT or 20 mM SAHM1 medium for 72 h, transferred into
hydra medium and analysed at indicated time points.
Antibody staining
Animals were relaxed in 2% urethane in hydra medium and
ﬁxed for 1 h at room temperature with 2% paraformaldehyde in
hydra medium. After three washes with PBS, they were permea-
bilized with 0.5% Triton-X-100 in PBS for 15 min, blocked with 0.1%
Triton-X-100, 1% BSA in PBS at least for 20 min and incubated with
anti-Notch chicken IgY or anti-HES-PAK antibody overnight at 4 1C
(Prexl et al., 2011). The next day they were washed three times
with PBS and incubated for 2 h with anti-chicken-Alexa488
(Invitrogen) or anti-rabbit-Alexa488 (Invitrogen), again washed
three times with PBS, counterstained for DNA with DAPI (Sigma,
1 mg/ml) and mounted on slides with Vectashield mounting
medium (Axxora).
Whole-mount in situ hybridisation
Single whoule-mount in situ hybridisation experiments with
Digoxigenin labelled RNA probes were carried out as previously
described (Grens et al., 1995). For the staining reactions either
NBT/BCIP or BM Purple (Roche) was used.
HyHes reporter cloning
HvNICD was cloned into the pHyVec11 expression vector (a
kind gift of Rob Steele, Irvine) using NheI and BamHI sites to
obtain plasmid pHyVec11-HvNICD. From this untagged HvNICD
and dsRed can be expressed independently.
Into the plasmid HePG(reen) an additional combination of
Su(H-206/-202) binding sites S2/S1 was inserted via mutagenesis
PCR (Quik change site-directedmutagenesis kit, Stratagene) at position
154/150 of the HyHes promoter behind the existing two over-
lapping sites using primers 5′–CTTTAAATAGACGTTTACTTCTCACGCTTT-
TATAGTGTGCAAAC-3′and 5′–GTTTGCACACTATAAAAGCGTGAGAAGT-
AAACGTCTATTTAAAG-3′ yielding plasmid HeP(þS2/1)G(reen).
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Transfection of Hydra cells
Gold particles (1.0 mm, BioRad) were coated with plasmid DNA
according to the instructions of the manufacturer. They were
introduced into hydra cells with the Helios gene gun system
(BioRad) as previously described (Böttger et al., 2002).
Confocal imaging
Light optical serial sections were acquired with a Leica (Leica
Microsystems, Heidelberg, Germany) TCS SP5-2 confocal laser-
scanning microscope. Fluorochromes were visualised with the 405
laser with an excitation wavelength of 405 nm and emission ﬁlters
413 to 443 nm for DAPI. The argon laser with excitation wave-
length of 488 nm and emission ﬁlters 496 to 537 was used for
Alexa488. Image resolution was 512512 pixel. To obtain an
improved signal-to-noise ratio, each section image was averaged
from three successive scans. The axial distance between optical
sections was 300 nm. The 8-bit grey scale single-channel images
were overlaid to an RGB image assigning a false colour to each
channel and then assembled into tables using Adobe Photoshop
9.0 and ImageJ 1.37k software.
Transplantation experiments
Intact non budding polyps were pre-treated for 24 h with
70 mM DAPT or control medium, then bisected (at 4 body-
column eights) and regenerates were incubated for a further
24 h, then transferred into hydra medium and grafted into a blue
host animal at 50% body length. After 48 h transplants were
investigated for the presence of secondary axis. Positive scores
were given to fully regenerated heads with a clear hypostome and
a ring of 4-6 tentacles.
BrdU-labelling of whole mount head regenerates
A 1 ml of 5 mM of 5-bromo-2-deoxyuridine (BrdU, Roche) was
injected into the gastric cavity of polyps. After 1 h animals were
washed two times in hydra medium, relaxed in 2% urethane in
hydra medium and ﬁxed with 4% paraformaldehyde in hydra
medium for 1 h at room temperature. After three washes with
PBS they were incubated in 2 M HCl for 30 min, washed again
three times with PBS, blocked with 0.1% Triton-X-100, 1% BSA in
PBS and incubated with the anti-BrdU antibody (Roche) over night
at 4 1C. The next day animals were washed three times with PBS
and incubated at room temperature with the anti-mouse-
Alexa488-conjugated second antibody (Invitrogen). They were
then washed again three times with PBS, stained with DAPI
(Sigma, 1 mg/ml) and mounted on slides with Vectashield mount-
ing medium.
Results
Notch inhibition in Hydra with DAPT and SAHM1
Throughout this study we use the presenilin inhibitor DAPT in
hydra polyps to inhibit intramembrane proteolysis of the Notch
receptor, as described previously (Käsbauer et al., 2007). In
addition we have used SAHM1, a synthetic, cell-permeable stabi-
lized stapled α-helical peptide derived from MAML1 (Master-
mind1). It prevents the transcriptional activation of Notch target
genes (Moellering et al., 2009). We tested the efﬁciency of this
inhibitor on the Notch dependent expression of a HyHes reporter
gene (Münder et al., 2010). Animals were transfected using the
particle gun with the plasmid pHyVec11-HvNICD, from which the
untagged HvNICD and dsRed are expressed independently (Fig.
S1A, unpublished, Rob Steele). In addition a plasmid encoding
EGFP under the control of the HyHes promoter (with two combi-
nations of two antiparallel overlapping Su(H) binding sites) was
introduced (Fig. S1A). In this experiment, almost all cells expres-
sing dsRed (and therefore also HvNICD) showed EGFP expression
from the HyHes promoter (Fig. S1B and C). When SAHM1 was
added, 37% of dsRed expressing cells failed to express EGFP. We
attribute this to an inhibitory effect of SAHM1 on the transactiva-
tion function of hydra NICD (Fig. S1B).
In the following experiments we obtained qualitatively similar
results with both, the presenilin inhibitor DAPT, and the Notch-
speciﬁc transcriptional inhibitor, SAHM1. However, SAHM1
appeared to be a weaker inhibitor than DAPT as indicated by the
fact that the HyHes reporter assay demonstrated residual Notch
activity after SAHM1-treatment whereas nuclear translocation of
the Notch intracellular domain was completely abolished by DAPT
(Käsbauer et al., 2007).
Notch activity is required to maintain Hydra head morphology
To test the effect of Notch inhibition on the morphology of
intact polyps, animals were treated with DAPT for 48 h. Then DAPT
was removed and the animals were observed for a further two
weeks. After 24 h in DAPT tentacles shortened and after 48 h a
slight constriction of the tissue underneath the tentacles was
observed in comparison with control (Fig. 1A, a–d). After 5–8 days
(meaning 3 to 6 days after DAPT removal), most animals showed
mildly abnormal head phenotypes, e.g. branched or dislocated
tentacles (see Fig. S3A–C). Approximately 10% of animals devel-
oped severely abnormal head structures (Fig. 1A, e–h). Their
tentacles were irregularly arranged. Sometimes only one big
tentacle was formed, pushing the hypostome upwards together
with the original tentacle ring (Fig. 1A-e and f) or to the side
(Fig. 1A, g and h). The hypostome remained intact. The animals
could catch prey and tried to transfer it into the mouth opening,
due the misshaped heads however, they could not feed (Fig. S2A
and B). The tissue of long or displaced tentacles had a very regular
tentacle structure with clearly visible battery cells with mature
nematocysts (Fig. S2C–E). After 9–11 days (meaning 7–9 days after
DAPT removal) in many cases a new secondary hypostome
appeared with evenly spaced tentacles surrounding it (Fig. 1A,i–l).
Over the course of two weeks head structures became normal. This
usually involved loss of old hypostomes when they had been
pushed upwards on one long tentacle and also loss of aberrant
tentacle tissue (not shown). Branched and dislocated tentacles were
also observed in animals treated with SAHM1 (Fig. S2 B and D).
Notch activity is required to maintain the correct expression pattern
of HyAlx at tentacle boundaries but not for maintaining the
hypostomal expression pattern of HyWnt3
We next analysed the expression patterns of HyWnt3 and HyAlx
in animals with malformed heads after DAPT treatment. HyWnt3
expression is always found at the very tip of the hypostome, in
displaced hypostomes as well as in new normal ones (Fig. 1B-a–f).
In strong contrast, the expression pattern of HyAlx severely
changed after inhibition of Notch-signalling (Fig. 1B-m–q). After
24 h the rings of HyAlx expression around the tentacles appeared
broader than in control animals and extended into the whole
tentacle zone (Fig. 1B-n). From 48 h on HyAlx expression was
found in two rings, one embracing the whole body column, and a
second one underneath the hypostome (arrows) (Fig. 1B-o). Later
(5-8d) all tissue between these rings acquired the characteristics
of tentacle tissue, i.e. mature nematocytes were present in battery
cells (Fig. S2D and E) and the molecular marker for tentacle tissue,
the metalloprotease HMMP was expressed (Fig. 1B-g–l). HyAlx was
down-regulated within this tissue (Fig. 1B-p and q). It had been
suggested that HyAlx plays a role in the speciﬁcation of tissue for
the formation of tentacles (Smith et al., 2000). Our data support
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this idea and they suggest that Notch-signalling is required to
maintain the correct HyAlx expression pattern in the head and
thus the appropriate production of tentacle tissue.
Another way of illustrating the boundary between cells of the
body column and tentacle cells is BrdU-labelling of proliferating
cells. Cells in the body column proliferate continuously, whereas
Fig. 1. DAPT treatment of hydra polyps changes head morphology and expression of HyWnt3, HyAlx and HMMP. (A) Polyps after 2 days of DAPT-treatment (40 mM) and their
further development after drug removal for 9–11 days. a and b: control animal; c and d: 2 days DAPT treated, shortening of tentacles and constriction of upper body column;
e–h: 5–8 days, DAPT treated, aberrant tentacle tissue pushing intact hypostomes upwards or to the side; i–l: 9–11 days, DAPT treated, new head structures develop,
disordered heads are successively lost. b, d, f, h, j and i represent enlargements of heads of animals in upper panel. scale bars: (a, c, e, g, i and k) 500 μm, (b, d, f, h, j and l)
180 μm. Diagram depicts percentage of different phenotypes observed on days 5–8 according to colour legend. Branched and dislocated tentacles are also shown in Fig. S3.
DMSO treated animals showed no abnormalities (100%); data are summarised from individual experiments as listed in Table S1. (B) Whole-mount in situ hybridisations,
polyps were treated with DAPT for 2 days, then the drug was removed. Whole mount in situ hybridisation was carried out with animals in DAPT after 1 and 2 days and again
3–9 days after DAPT removal as indicated; a–f: HyWnt3; g–l: HMMP; m–q: HyAlx; a, g, m represent control animals. Arrows indicate HyAlx rings of expression, primary
hypostomes are marked via asterisks. scale bars: 100 μm. (C) Transplantation experiments to follow cell movements of DAPT-treated animals. A ring of ectodermally GFP-
labelled animals was transplanted directly underneath the tentacle ring of an unlabelled animal. a–f: animal was treated with DAPT (90 mM) for two days and cell
movements were followed for 9 days; g–i: DMSO control. Arrows indicate the lower start of the development of aberrant tentacle tissue, asterisks mark the position of the
(dislocated) primary hypostome. Scale bar: 200 mm.
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differentiated cells in the tentacles and in the basal disc do not.
Therefore, a sharp boundary between tentacle and non-tentacle
tissue in the head region can be seen in such an experiment
((Holstein et al., 1991) and Fig. S4). Some cells also proliferate in
the region just underneath the hypostome as described previously
(Dubel et al., 1987) (Fig. S4A–C). 24 h after DAPT treatment, the
number of labelled cells in the body column and in the tissue
between the tentacles was strongly reduced and the boundary of
proliferating cells moved down the body column to the observed
constriction zone underneath the tentacle ring. Moreover, it lost its
sharpness (Fig. S4D–F, white arrow in E). The absence of prolifer-
ating cells is consistent with the tissue differentiating to tentacle
tissue in agreement with the unusual HyAlx-expression (Fig. 1B,
p and q). Proliferating cells were also seen in the dislocated
hypostome (enlargement in Fig. S4G–I).
We also followed the fate of body column cells in DAPT treated
animals by observing a ring of the body column of ectodermally
GFP-labelled animals transplanted directly underneath the tentacle
ring of unlabelled animals. In control animals (treated with the
DAPT solvent DMSO) the GFP-labelled cells moved into the tentacle
zone and into tentacles within 48 h (see Fig. 1C,g–i). However, in
DAPT treated animals the tentacles were drastically shortened and
transplanted cells appeared to remain stationary underneath the
tentacles during the 48 h treatment (Fig. 1C,b and c). After 3 days
(meaning one day after DAPT removal) a constriction in the middle
of the GFP-labelled ring was visible, which elongated into one long
tentacle within the next six days (d–f). On top of this aberrant
tentacle the original hypostome and the short original tentacles
remained free of the GFP-label. Underneath it, a new regularly
shaped tentacle ring began to form, which incorporated unlabelled
cells apparently moving upwards from the body column. Taken
together with BrdU-labelling and Alx-in situ hybridisation data
(Figs. 1B and S4) this experiment indicates that proliferating cells
from the body column just underneath the tentacle ring probably
started to express HyAlx and stopped proliferation in the presence
of DAPT. When cell movement was resumed all cells passing through
the aberrant Alx-expression zone acquired tentacle character, leading
to the formation of one big long tentacle.
Notch activity is required for head regeneration
To test whether inhibition of Notch signalling also affected de
novo patterning of the head during regeneration, animals were
incubated with DAPT (60 mM) for 24 h, then heads were removed
and treatment was continued with DAPT for another 24 h (see
schematic Fig. 2A). Pre-incubation was chosen, because previous
experiments had shown that NICD-translocation was completely
blocked 24 h after DAPT application (Käsbauer et al., 2007). Head
Fig. 2. Notch activity is required for head regeneration. (A) Polyps were treated with DAPT (60 μM), decapitated and incubated with DAPT for a further 24 h. Then the drug
was removed and head regeneration was observed for up to 60 h after decapitation. Upper panels: control animals; lower panels: DAPT treated animals. After 60 h some
animals regenerated one or two tentacles. scale bar: 90 μm. The diagrams show the development of normal or irregular head structures of regenerates treated either with
DMSO as a control or DAPT. Data are summarised from individual experiments as listed in Table S1. (B) Polyps were decapitated and immediately treated with DAPT (20 μM)
or SAHM1 (20 μM), control animals were treated with the solvent DMSO. The indicated inhibitors were removed after 72 h and the animals observed for a further 10 h. scale
bars: 125 μm. The diagrams show the development of normal or irregular head structures of regenerates treated either with DMSO (control), DAPT or SAHM1. Data are
summarised from individual experiments as listed in Table S1.
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regeneration was strongly inhibited by DAPT treatment. Normal
head regeneration occurred in only 18% of animals 60 h after
decapitation, indicating a delay by 24 h, precisely the amount of
time that the animals had been in DAPT after decapitation. 72 h
after decapitation 50% of the animals had regenerated (data not
shown). The other half of animals did not regenerate at all during
this time or only tentacles appeared, usually only one or two and
no hypostome (see Fig. 2A).
We then dispensed with the pre-incubation period for DAPT
and treatment with inhibitors was initiated at the time of head
removal. Animals were now treated with DAPT for 3 days at a
lower concentration than in the previous experiment (20 mM). This
scheme was applied in parallel with SAHM1 treatment. In both
cases head regeneration was inhibited. Whereas over 80% of
control animals regenerated a new head after 36 h, none of the
animals treated with either DAPT or SAHM1 did (Fig. 2B). 82 h
after head removal regeneration had occurred in almost all SAHM1
treated animals but only in 30% of the DAPT treated ones, in both
cases half of the regenerated heads showed irregular morphology.
Thus, similar effects were observed for both Notch-pathway
inhibitors despite their different modes of action, even though
the regeneration block inﬂicted by DAPT lasted longer than that
inﬂicted by SAHM1.
Notch activity is required for HyWnt3 expression in regenerating tips
Failure of head regeneration in animals treated with Notch-
inhibitors indicated a lack of establishment of the hydra head
organiser. To conﬁrm this we analysed the expression of HyWnt3
and Hyβ-Catenin. In control animals HyWnt3 is expressed in
regenerating tips in a cap-like pattern (Fig. 3A, a and b). After 36
to 48 h, when the head is newly patterned the HyWnt3 expression
zone is restricted to the hypostome, now only covering 8–9 cell
diameters in both, the ectoderm and the endoderm (Fig. 3A,c and
d). DAPT completely prevented the expression of HyWnt3 for up to
48 h of regeneration (Fig. 3A, e–h). This was also the case for the
expression of Hyβ-Catenin (Fig. 3A, l–n) in comparison with
controls (i–k).
In SAHM1-treated animals HyWnt3 expression was not com-
pletely abolished but appeared substantially weaker after 24 h in
comparison with controls (Fig. S5A and C). After 48 h it remained
in a diffuse cap-like distribution in the endoderm and did not
change into the typical hypostomal expression pattern covering a
small number of ecto- and endodermal cells (Fig. S4B, D). Accord-
ingly, a hypostome structure was not detectable.
The absence of HyWnt3 and Hyβ-Catenin expression in regen-
erating hydra heads indicated that DAPT prevented the formation
of a new head organiser. The organiser is thought to be localised to
the regenerating tip by an auto-activating feed-back loop involving
β-catenin-response elements in the HyWnt3-promoter region
(Nakamura et al., 2011). If this fails the head regenerating tissue
should lose its usually high head activator activity, which is
reﬂected by its capacity to induce second axes when transplanted
into the middle of the body column of a host. We therefore carried
out transplantation experiments as illustrated in Fig. 4A. When
24 h old regenerating tips of control animals were transplanted to
host tissue, 100% of the transplants formed secondary axes in
decapitated hosts in agreement with previous results (Broun and
Bode, 2002; Broun et al., 2005; MacWilliams, 1983). With DAPT-
treated regenerates this frequency was reduced to 25% (Fig. 4B).
The remaining 75% failed to produce secondary axes or made
aberrant tentacle structures (Fig. 4C, b–d). This experiment con-
ﬁrmed the absence of second axis inductive activity in DAPT-
treated regenerating tips and the result correlates with the
absence of HyWnt3 expression in this tissue.
Notch activity is not required for expression of tentacle speciﬁc genes
during head regeneration
We next tested the expression of molecular markers for
tentacle precursor identity in DAPT-treated regenerates. HyAlx is
expressed 24 h after head removal in the endoderm of the whole
regenerating tip. After 48 h expression is conﬁned to 4 or 5 rings at
the sites where tentacles emerge (Smith et al., 2000) and Fig. 3B,
a–c). In DAPT-treated regenerates, the initial expression of HyAlx
was the same as in normal regenerates. At later time points in
some cases it was conﬁned to a lower region but was only
expressed in one ring embracing the whole tip (Fig. 3B, d–f and
data not shown). This suggested that the whole regenerating tip
had characteristics of tentacle precursors. The HMMP expression
pattern conﬁrmed this (Leontovich et al., 2000). In normal
regenerates HMMP expression changes after 36 h from initially
covering the whole regenerating tip into evenly spaced spots
where tentacles will emerge, to later being found in tentacle
tissue (Fig. 3B, g–i). After DAPT treatment HMMP remained in its
initial pattern for up to 48 h (Fig. 3B,j–l). In cases where DAPT
treated regenerates developed tentacles, even if aberrantly
arranged, HMMPwas expressed in tentacle tissue. The same results
were obtained in SAHM1-treated head regenerates (Fig. S4E–H).
Thus, in contrast to the marked reduction of HyWnt3 expres-
sion in regenerating tips treated with Notch-inhibitors, expression
of molecular markers for tentacle precursor cells remained. How-
ever, it remained in the whole regenerating tips for a long period
of time and was not changed into its usual pattern at sites of
regular tentacle evagination. As a consequence aberrant tentacle
tissue was formed, but no hypostome.
Expression of HvNotch and its target gene HyHes in the head and in
regenerating tips
To strengthen the idea that the observed DAPT phenotypes are
due to inhibition of Notch signalling we next looked at the
expression of HvNotch itself and of its target gene HyHes in
normal tissue and during head regeneration. In situ hybridisation
and immunoﬂuorescence staining with a speciﬁc anti-HvNotch-
antibody had shown previously that HvNotch is expressed in all
cells of the animals (Käsbauer et al., 2007; Prexl et al., 2011).
However, there are differences in the mRNA expression levels.
HvNotch is expressed more strongly at the base of the tentacles of
adults and buds (Fig. 5A). In DAPT-treated animals, this increased
HvNotch expression completely disappeared (Fig. 5B and C) and
Notch-expression in the body column was also diminished. Since
DAPT inhibits Notch signalling this suggests that HvNotch expres-
sion at the base of the tentacles depends on a Notch-signal, e.g. an
autoregulatory mechanism. Moreover, this result shows that a
decrease in HvNotch-mRNA correlates with the disorganisation of
head structures. After DAPT removal increased HvNotch expression
reappeared at the disorganised boundaries of the aberrant tentacle
tissue (Fig. 5D).
In regenerating heads HvNotch-mRNA and protein expression
were increased. Similar to the expression of HyAlx, HvNotch mRNA
was ﬁrst found in the whole tip, but later became restricted to the
tentacle buds (Figs. 6A–C and S6A–C). In the presence of DAPT,
HvNotch-mRNA and protein expression remained high in the
regenerating cap and did not become restricted to tentacle buds
(Fig. 6D–F and Fig. S6D–F). Thus, DAPT does not repress HvNotch
expression during head regeneration, indicating that here it is not
dependent on a Notch-signal. This is in contrast to the situation in
adult heads.
The expression of the HvNotch target gene HyHes mirrored the
HvNotch-pattern during regeneration. It was up-regulated in
regenerating heads after 24 h and was later restricted to the
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Fig. 3. Notch activity is required for expression of HyWnt3 and Hyβ-Catenin in regenerating Hydra tips but not for expression of HyAlx and HMMP. (A) Polyps were treated
with DAPT (60 μM) for 24 h, decapitated and incubated with. DAPT for a further 24 h. Then the drug was removed and whole mount in situ hybridisation was carried out at
indicated time points after decapitation; a–d: HyWnt3, control; e–h: HyWnt3 DAPT; i–k: β-Catenin, control; l–n: β-Catenin, DAPT. scale bars: 60 μm. (B) Polyps were treated
with DAPT and further incubated in hydra medium as in A, whole mount in situ hybridisation was carried out at indicated time points after decapitation; a–c: HyAlx, control;
d–f: HyAlx, DAPT; g-i: HMMP, control; j–l: HMMP, DAPT; scale bars: 60 μm.
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emerging tentacle buds (Fig. 6G–I). This is in accordance with
HyHes being a target gene for Notch-mediated transcriptional regula-
tion. The expression of HyHeswas strongly diminished in the presence
of DAPT in regenerating hydra heads both, at the mRNA and the
protein level (Figs. 6 and S6J–L), conﬁrming that HyHes expression
during regeneration is controlled by Notch signalling.
Fig. 5. HvNotch expression is diminished in DAPT-treated animals. Animals were treated with DAPT for 2 days. Whole-mount HvNotch in situ hybridisation was carried out at
indicated time points of treatment and after drug removal; (A) control animal; (B–D) DAPT-treated animals. Scale bar (A): 300 mm, (B–D): 100 mm.
Fig. 4. DAPT-treated regenerating tips do not induce second axes after transplantation. (A) Schematic of transplantation experiment: Animals were treated with DAPT
(70 mM) for 24 h, decapitated and allowed to regenerate for 24 h. Regenerating tips were removed and transplanted into the middle of the body column of an untreated host
animal. Appearance of second axes was determined; (B) Percentage of second axes formation of control and DAPT-treated regenerates 24 h after decapitation. (C) Transplants
showing second axis with normal head (a), no second axis (b), developing single tentacle (c) and branched tentacle (d). Scale bar: 500 mm.
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Discussion
Notch-signalling is required for head patterning in adult Hydra
A sharp boundary separates proliferating epithelia cells in the
tentacle zone from differentiated battery cells in the tentacles, as
illustrated by BrdU-labelling experiments (Holstein et al., 1991)
and Fig. S4A–C). Our experiments demonstrate a requirement for
Notch activity in maintaining this boundary in adult hydra heads.
Notch is well known for its role in boundary formation due to its
capability to determine the fate of two adjacent cells, which both
carry the Notch-receptor and the ligand. Examples include the
boundary between dorsal and ventral compartments of the
drosophila wing imaginal disc (Kim et al., 1996), the apical
ectodermal ridge, an organiser for limb patterning in vertebrates
Jiang et al. (1998) and others (Fuss et al., 2004; Lewis et al., 2009;
Rivera and Weisblat, 2009). The ability of Notch-signalling to
create mutually exclusive signalling states at boundaries was
recently suggested to be a consequence of inhibitory cis-interactions
of Notch-receptors and ligands. In this way, the graded expression of
Notch-ligands within a ﬁeld of cells with similar concentrations of
Notch-receptors can induce sharp peaks of Notch activity, facilitating
lateral inhibition patterning (Sprinzak et al., 2010).
Our results indicate that tentacle patterning in the hydra head
follows such a mechanism. In the adult hydra, HvNotch and its
ligand HyJagged are distributed throughout the animals and in
cells of every type (Käsbauer et al., 2007; Prexl et al., 2011).
Candidates for inducing a graded expression of HyJagged and/or
HvNotch as required by the model, are diffusible signals from
Wnt-ligands expressed in the hypostome and at tentacle tips and
BMPs expressed at the base of tentacles and at the posterior end of
the animals (Broun et al., 2005; Reinhardt et al., 2004). Gradients
of protein expression at the membranes are not detectable with
our current tools, however, HvNotch mRNA expression appears
graded with strong expression at the tentacle base fading out
towards the tips of the tentacles. HvNotch-signalling may then
occur in a very sharp pattern either within the tentacle zone
(outside the tentacles) or in battery cells in the tentacles, in any
case facilitating the fate switch between two cells precisely at the
tentacle boundary (Fig. 7A). When Notch-signalling is blocked the
boundary disappears, yet the tentacle zone is still approximately
at the right place because the underlying morphogenetic signal-
ling gradients are present. The observed expansion of HyAlx
expression into the tentacle zone upon Notch-inhibition suggests
that the Notch-signalling cells are responsible for inhibiting HyAlx-
expression in proliferating cells of the tentacle zone (see Fig. 7A).
Fig. 6. Expression of HvNotch and the HvNotch target gene HyHes in DAPT treated head regenerates. Animals were treated with DAPT for 24 h, decapitated and allowed to
regenerate in DAPT for 24 h. Then DAPT was removed and whole-mount in situ hybridisations were carried out at indicated time points after decapitation; (A–C) HvNotch
control; (D–F) HvNotch, DAPT; (G–I) HyHes, control; (J–L) HyHes, DAPT; scale bars: 60 μm.
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Notch-inhibition then leads to de-repression of HyAlx in cells of
the tentacle zone. These cells subsequently stop proliferation and
thus cannot be displaced into the tentacles. As a result tentacles
shorten. Our observations that after one day of DAPT-treatment (1)
HyAlx is expressed in cells of the whole tentacle zone (Fig. 1B-n)
(2) BrdU labelled cells are not detected in the tentacle zone
(Fig. S4, E) and (3) GFP-labelled cells do not move into tentacles
(Fig. 1C-b) support this idea. Later, proliferating cells in the body
column produce new cells, which differentiate into battery cells
when they pass the aberrant HyAlx-expression zone leading to the
observed phenotypes.
Notch signalling is required for head regeneration
In addition to its function at the tentacle boundary Notch-
signalling in hydra is required for head regeneration. Previous
work has indicated that head regeneration involves separate
tentacle and hypostome activation (Meinhardt, 1993; Smith
et al., 2000). After head removal both initially occur in the same
region of regenerating tissue. Thus, the regenerating tip initially
has characteristics of both, tentacle and hypostome tissue (Bode
et al., 1988; Smith et al., 2000). Accordingly, HyWnt3 and HyAlx are
expressed together in a cap-like pattern (Bode et al., 1988; Smith
et al., 2000). HyAlx expression is later displaced to a ring in the
tentacle zone and HyWnt3 expression is restricted to a spot in the
hypostome. In fact, the head is even subdivided into three stripes,
the hypostome, the zone of hydra goosecoid expression (cngsc,
(Broun et al., 1999)) between the hypostome and the tentacle
zone, and ﬁnally the tentacle zone (Böttger and Hassel, 2012). For
this pattern to emerge from a pool of precursor cells that have the
potential to differentiate into cells of any of these stripes, we
suggest the same model that we have applied to explain the ﬁnal
stages of budding in hydra. At “constriction” stage, immediately
before the formation of the buds foot the expression of the Hydra
FGFR kringelchen (Otto and Campbell, 1977; Sudhop et al., 2004)
becomes restricted from a broad expression zone at earlier stages
to a narrow line immediately adjacent to a stripe of expression of
the metalloprotease MMP-A3 (Münder et al., 2010). We had
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Fig. 7. Notch-signalling controls tentacle pattern and head regeneration in Hydra. (A) At the boundary (B) between tentacle zone (TZ) and tentacles (T) proliferating cells
(green dots) are displaced into tentacles, stop proliferating and differentiate (red dots). Notch signalling may occur at the tentacle-boundaries or in the tentacle zone. It leads
to suppression of HyAlx-expression outside the boundary region in proliferating cells (red label) of the tentacle zone, either directly or indirectly by releasing a soluble
inhibitor. Cells approaching the boundary express HyAlx (light yellow region). Upon reaching the boundary they turn off the cell cycle (red dots) and express tentacle speciﬁc
genes including HMMP. When Notch-signalling is blocked, HyAlx is de-repressed in cells of the tentacle zone outside the boundary. The HyAlx-zone expands, cells expressing
HyAlx stop proliferating and start differentiation into tentacle cells. (B) After head removal both tentacle activation and hypostome activation are induced in the regenerating
tip. Cells are thus originally capable to become tentacle cells (red crosses) or non-tentacle, in this example hypostomal cells (green circles). In HvNotch-signal receiving cells
tentacle fate is blocked. Thus they can become hypostomal cells by stabilising expression of HyWnt3a and Hyβ-Catenin. Cells sending the Notch signal adapt tentacle fate.
When alternate cell fate speciﬁc gene expression is strong in adjacent cells, a long range activating signal (“long ranging help”) signal probably from both sides directs
separation of expression zones for tentacle and hypostome formation.
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hypothesised that this patterning process involves a mechanism of
“lateral activation of mutually exclusive states” as it had been
described by Hans Meinhardt (Meinhardt, 1982). In the case of
head regeneration, components of the hypostome activation and
the tentacle activation centres represent two mutually exclusive
autocatalytic activator-inhibitor systems. Both must locally inhibit
each other. In addition, they should produce a substance to
support each other at a certain distance (so-called “long-ranging
help” (Meinhardt, 1982)). When this is established the originally
overlapping gene expression patterns for tentacle precursor and
hypostome precursor cells separate. We suggest that Notch signal-
ling enables this separation by facilitating mutually exclusive cell
fates in adjacent tentacle/hypostome precursor cells. This is a
prominent function of Notch-signalling in many other develop-
mental systems (de Celis and Bray, 1997; Miller et al., 2009) and
has been shown to help creating boundaries. In the classical case
of separating neural and epidermal progenitors in the neuroecto-
derm of the Drosophila embryo, in the Notch signal-receiving cells
the neural fate is suppressed and thus these cells become
epidermoblasts. The Notch signal-sending cell, on the other hand,
becomes neuroblast. (Campos-Ortega and Knust, 1990; Haenlin
et al., 1990; Kunisch et al., 1994).
In the present case of hydra head regeneration, when Notch
activity is blocked, the molecular marker for hypostomal precursor
cells (HyWnt3) is not expressed in regenerating tips. In contrast,
expression of molecular markers for tentacle precursor cells
(HMMP and HyAlx) is unaffected initially and at later stages the
expression zone for these genes is expanded. This suggests that
the Notch signal-receiving cells suppress the tentacle fate and thus
become non-tentacle cells, e.g. hypostomal cells (Fig. 7B). There-
fore, when Notch-signalling is blocked, tentacle activation takes
over. From this, the seemingly surprising result that Notch appears
to be required for the activation of HyWnt3 and Hyβ-Catenin in
regenerating heads follows logically. Without Notch-signalling the
activation of the tentacle fate cannot be suppressed in promiscu-
ous precursor cells and thus activation of the hypostomal fate,
including HyWnt3 and Hyβ-Catenin expression, is not possible
(Fig. 7B). This is exactly what we observe in DAPT treated animals.
As the activation of HyWnt3 and Hyβ-Catenin are coupled with the
head organiser, this also cannot form in animals with strong
Notch-inhibition.
With the weaker Notch-inhibitor SAHM1 we found an inter-
mediate phenotype. HyWnt3 and Hyβ-catenin were expressed in
the regenerating tips, but at a reduced level. However, their
expression zone could not be separated from the expression zone
for tentacle precursor genes e.g. HMMP. This suggests that the local
exclusion process had started between cells, yet the tentacle fate
was not inhibited with sufﬁcient strength to allow stabilisation of
hypostome activation at the apical end of the regenerating tip and
to produce long ranging substances for “helping” tentacle activa-
tion at the appropriate positions. Thus both activator-inhibitor
systems remained unstable, preventing regeneration.
In contrast to HyWnt3a, HvNotch expression was induced
normally in DAPT treated regenerates. Thus, Notch-signalling
during head regeneration does not seem to be controlled by the
organiser but rather appears to be a part of it. It is therefore
probably induced in parallel with tentacle and hypostome activa-
tion by the regeneration signal.
Gene expression and inhibition experiments suggest that a
target for Notch-signalling in the regenerating tip may well be
HyHes (Münder et al., 2010). Hes transcription factors act as
repressors by binding to N-box DNA-elements. Due to the pre-
sence of such elements in the 5′ regulatory region of Hes genes
they are negatively autoregulated by their own gene products
(Takebayashi et al., 1994). The HyHes promoter region contains two
class C-subtype sequence elements of these N-boxes (CACCNG)
(Münder et al., 2010). Then auto-inhibition of HyHes together with
increasing activity of HyWnt3 could participate in the progressive
displacement of its expression zone from the apical end of the
regenerating head.
Whether Notch-signalling suppresses tentacle differentiation
during head regeneration and outside the tentacle boundaries of
adult animals by the same mechanism is not clear at the moment.
To resolve this question it would be necessary to clearly identify
the Notch-signal receiving cells, possibly with the help of a Notch-
responsive reporter-gene.
In conclusion, in addition to gradients of morphogenetic
signals, which have been shown previously to involve Wnt-
signalling, hydra head patterning requires a locally acting lateral
inhibition mechanism mediated by Notch. This mechanism is also
needed for forming a new head organiser during regeneration.
Based on these results we suggest that the Notch-signalling
pathway with its ability to change the fate of two cells in direct
contact with each other was important for the evolution of
metazoan body plans with sharply deﬁned boundaries between
neighbouring tissues.
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